Abstract-This paper presents a new design and a complete characterization of amplitude-modulation gyroscopes based on piezoresistive nanogauges. The working principle and optimization criteria of in-plane and out-of-plane devices relying on double frame decoupling and levered sense mode are discussed in light of sensitivity and resolution theoretical predictions. The architecture of driving and sensing electronics is also presented. The reduced thermo-mechanical damping with respect to capacitive configurations, and the inherently high output signal leads to white noise performance in the mdps/ √ Hz range within an area smaller than 0.35 mm 2 , at pressures in the millibar range. Sub-5-ppm linearity errors within 1000 dps are also demonstrated.
I. INTRODUCTION
T HE CONSUMER market still demands for miniaturization, power consumption reduction, and performance improvement of microelectromechanical system (MEMS) gyroscopes [1] - [3] . Optical image stabilization capabilities drive the requirements on white noise [4] . Navigation drives the requirements on long-term offset drift (bias stability) [5] .
In this context, most of MEMS gyroscopes are based on capacitive measurement of the angular rate through the Coriolis force occurring (along the sense direction) on a suspended mass kept in motion with a controlled amplitude along the drive direction [6] - [8] . This operation is referred to as amplitude-modulation (AM) mode. In mode-matched AM operation (same frequencies of drive and sense modes), the gyroscope gain is the largest one, but it is difficult to simultaneously reach low-noise, large system bandwidth and long-term stability at low power consumption [9] , [10] . AM gyroscopes are thus commonly operated in mode-split conditions, i.e. with an intended offset between the drive and sense frequencies. Advantages of improved stability and extended bandwidth come at the cost of a reduced device gain [11] , which makes the white noise density limited by the electronics to sub-10 mdps/ √ Hz in typical products [11] - [15] . Recently, to overcome this inherent drawback of mode-split operation, alternative working principles were proposed, based on frequency modulation (FM). Quadrature FM (QFM) gyroscopes detect the angular rate through the frequency variation in a mode-matched device where drive and sense modes are kept in quadrature oscillation [16] . The QFM gyroscopes stability is limited by temperature effects on the non-natively-matched modes. White noise is limited by supply noise (which turns into frequency noise via spring softening). Lissajous FM (LFM) gyroscopes [17] bypass the offset issue by continuously modulating the relative phase between the modes, and in turn the sensitivity. In other words, LFM gyroscopes need again a split by an intended mismatch. As a consequence, the obtainable signal-to-white-noise ratio has the same expression as in mode-split AM gyroscopes [18] . For both QFM and LFM devices, the required axisymmetric structure makes the design of X-and Y-axis gyroscopes quite challenging. Only Z-axis structures were indeed shown so far.
An alternative approach to reduce the impact of electronic noise is to exploit sensing principles different from capacitive sensing in AM gyroscopes. In this work, gyroscopes based on nanoelectromechanical system (NEMS) piezoresistive sensing elements are presented. At gauge factors in the order of 50 [19] , [20] , NEMS gauges have an inherent advantage of giving a large output signal. This consistently reduces the impact of electronics noise. Therefore, mode-split operation can again be chosen to preserve stability and bandwidth, without large impact of the electronic noise. Further, the absence of nested parallel plates within the sense frame is beneficial to lower the damping of the sense mode, and the associated thermo-mechanical noise, and it is also beneficial for miniaturization.
Section 2 discusses the process flow, used to combine MEMS and NEMS structural elements, which also exploits eutectic bonding for reduction of dead-areas. It also introduces typical sensing configurations based on NEMS gauges, and presents the design of in-plane and out-of-plane gyroscopes exploiting this elements. Guidelines and trade-offs are discussed in light of the gain-factor and of thermo-mechanical noise contributions. Preliminary electromechanical test of the structures in terms of mode-split and quality factor is given in Section 3. In light of these results, Section 4 discusses the driving and sensing circuit design, analyses the electronic noise, and estimates the achievable white noise density.
Section 5 presents the experimental tests, showing high sensitivity and ultra-high-linearity (∼ 5 ppm) over a 1000 dps full-scale. Within an area of less than 0.35 mm 2 per axis, Fig. 1 . Schematic representation of the process flow of the M&NEMS technology used for the devices in this work. Starting from an SOI wafer (a) and using common steps like DRIE, DUV and HF attacks (b-f), the process allows designing both micrometric (15 μm thick) and nanometric (250 nm thick) layers. Eutectic bonding (g) is used for wafer-wafer packaging.
white noise densities in the mdps/ √ Hz range are obtained both on Z-and Y-axis devices, in agreement with theoretical predictions. A long-term stability in uncontrolled laboratory environment of about 2 dph at observation times of 200 s is obtained.
II. PROCESS FLOW, SENSING PRINCIPLE
AND DEVICE DESIGN The devices studied in this work exploit a combination of micrometric and sub-micrometric elements, together with Au-Si eutectic bonding between the MEMS wafer, where the devices are designed, and a CAP wafer, where metal interconnections are routed.
A. Process Flow
The main steps of the so-called M&NEMS process flow used to fabricate the devices of this work are sketched in Fig. 1 [21] . Starting from a Silicon-on-Insulator wafer with a crystalline Silicon thickness of 250 nm (a), the first phase consists in the definition of the heavily doped NEMS patterns. The NEMS thin layer is removed (b) around those regions that define either the gauges or vertical electrodes (e.g. for self-test, or quadrature compensation). Inside these regions, the NEMS layer is kept separated, through Silicon oxide deposition and selective etching (c), from the epitaxial layer (d), which can reach typical values of surface micromachining processes, e.g. 15 μm in this work. A two-step deep reactive ion etching (DRIE) defines the MEMS part as well as the lateral trenches of eutectic bonding contacts. The DRIE does not etch the nano-gauges thanks to the oxide protection. Oxide is then removed, through a hydrofluoric acid (HF) attack (e).
The CAP wafer, separately processed with two layers of metal interconnections, is now bonded to the MEMS wafer (f). [19] . (b) Sensing scheme of a NEMS gauge coupled to a lever system (top view). L1 and L2 are the NEMS gauge distances to the lever tip and rotational hinge.
Bonding occurs between Au on the CAP and Si on the MEMS wafer. The overall force during the eutectic bonding is about 30 kN, falling mostly on rectangular seal-rings with a width of 150 μm and an overall area of 1.2 mm 2 , for each of the ∼ 2000 modules on the wafer. This leads to about 20 parasitic resistance for an effective eutectic bonding contact area of (14 μm) 2 at each electrode. To avoid alignment issues between the two wafers, each electrode bonding region takes up (68 μm) 2 . This occupation may be reduced in future designs to minimize dead areas. The CAP wafer features suitable cavities for getter deposition and minimization of the final pressure after bonding. The pressured device can be at this point tilted and wire bonded to the carrier or to a plastic package (g).
B. Lever System Configuration for Sensing
The described process allows to simultaneously obtain monocrystalline Silicon, heavily doped beams with a cross section A g = (250 nm) 2 and a length L g of a few μm, and 15-μm-thick inertial masses (Fig. 2a) . The beams can be exploited as piezoresistive sensing elements [20] .
When subject to an axial stress σ that causes a beam elongation or compression L g , the beam resistance R vary by a quantity R, according to its gauge factor GF and to the Young's modulus E.
The direct application of an axial force on the gauges proves challenging from a design point of view, as a 5-μm-long NEMS gauge has an axial stiffness of thousand N/m, which makes it difficult to cope with typical resonance frequencies in the order of few tens kHz [22] . When using NEMS gauges as readout elements, it is therefore necessary to exploit a lever system to transfer the inertial force to one gauge end, while the other end is anchored. In the following, gyroscopes exploiting NEMS gauges for the sense mode will be described. Gyroscopes exploiting the NEMS gauges also for the drive-mode pick-off are currently under investigation.
Considering the situation sketched in Fig. 2b , we can now re-write Eq. (1) by considering the lever amplification factor 1/ = (L 1 + L 2 )/L 2 between the lever tip, which displaces by a quantity y, and the gauge elongation.
Note that in principle this coefficient is maximized by setting a large gauge distance L 2 from the hinge. In practice, there are other aspects to be considered for the optimization: -target sense-mode frequency: when changing the gauge position L 2 , the stiffness of the hinge-gauge-lever system in Fig. 2b changes. The stiffness of other springs involved in the gyroscope sense mode (e.g. drive-sense decoupling springs) should be changed accordingly, to hold the target frequency. A major limit (L 2,max < 23 μm) arises when the required width of the decoupling springs drops below minimum design values (1.7 μm for the used process);
-repeatability: the larger L 2 , the larger the stress on the NEMS gauge (when keeping the sense-mode frequency constant as described above). However, too large contributions of the NEMS gauge to the overall sense-mode stiffness imply a different sense mode tolerance to etching nonuniformities with respect to the MEMS drive mode [19] . Targeting for Eq. (2) a nominal ±5% repeatability from part to part (1-sigma value), L 2 cannot be extended beyond L 2,max < 18 μm; -masks misalignments: the relative effect of misalignments between the NEMS and MEMS masks is larger for gauges closer to the hinge. From this point of view a value L 2 > 10 μm matches the repeatability given above for possible masks misalignments up to 0.5 μm.
Taking into account all these considerations, the value L 2 = 17 μm was chosen as a compromise between the points above.
C. Z-Axis Device Design
The sensing architecture with a lever system needs to cope with the gyroscope design. The first consideration that drives the architecture is that one should avoid to transfer the drive-mode large motion to the nano-gauges. Therefore a doubly decoupled architecture, with an anchored drive frame, a Coriolis (or decoupling) frame, and the sense frame formed by a lever system similar to the description above is chosen.
Three device configurations including a differential lever system and complying with a doubly-decoupled architecture were investigated and compared. Top views of the different architectures are given in Fig. 3 (the drive mode occurs along the horizontal direction). Option (a) includes a single lever positioned along one symmetry axis of the device. Five types of springs (drive, tuning-fork, drive-Coriolis decoupling, Coriolis-lever decoupling and rotational hinge) are highlighted in the figure, as well as the gauge position. Option (b) includes a single lever externally placed at one device side, resembling first configurations proposed for this kind of gyroscope [23] , [24] . Option (c) includes separate levers for the sense frames.
For a given available area, no significant differences in obtainable sensitivity are found. On the other side, option (a) promises significantly better immunity to accelerations (and vibrations), both along the X-axis if compared to solution (b), and along the Y-axis if compared to both solutions (b) and (c). Table I reports the results of finite element simulations (FEM) for 100 g (gravity units) of acceleration in the three directions for the different topologies (large and/or differential stresses, DIFFERENT STRUCTURES highlighted in red, are the most critical ones). Option (a) also maximizes symmetry and compactness, and in the end it was chosen as the preferred design option.
Irrespective of the chosen architecture, note the absence of parallel plates within the sense frame. This implies a large sensing mass and the reduction of squeeze-film damping, often related to parallel-plate sensing. Both facts are positive in terms of achievable thermo-mechanical noise. A large mass also allows, for the same resonance frequency, the use of wider springs, which is positive for immunity to process over-or under-etch, and therefore in terms of device repeatability.
The drive fingers overlap is dimensioned to guarantee a displacement x = 4 μm. The drive fingers gap is 1.1 μm. The frequencies are designed at about 20 kHz, with an intended mode split f = ω/2π = 600 Hz (the target bandwidth for consumer applications is in the order of 200-300 Hz: as mentioned in the Introduction, such a target bandwidth cannot be obtained with a mode-matched device, unless force feedback is used). Fig. 4a and 4b report a sketch and a scanning electron microscope (SEM) picture of the Z-axis device. The overall area is (885×394) μm 2 . Fig. 4c and 4d report the drive and sense modes FEM, nominally occurring at 18.35 kHz and 18.95 kHz respectively, and the inset in Fig. 4e is a detail of the NEMS gauges positioned along the lever system close to the rotational hinge. Assuming a controlled drive motion amplitude (as described in the following of this work), the lever tip displacement y as a function of the angular rate variation can be written as [2] :
Combining Eq. (2) and (3), one can obtain the gain-factor, i.e. the single-ended resistance variation per unit angular rate change.
For a nominal resistance value of 2 k (corresponding to a gauge length of 5 μm and a resistivity ρ = 2.
.069, and a gauge factor in the order of 50, the expected sensitivity turns out to be 1.48 /(rad/s) = 0.026 /(dps) for each NEMS. Note that the sensitivity goes with one over the cross section, which was chosen as the minimum one.
The rate noise density S ,tm , considering only the mechanical noise of the sense frame S y , and assuming a constant transfer function Q eff /k s between sense frame force and displacement (Q ef f being the gain at a distance f from resonance, and k s being the sense frame stiffness), turns out to be [2] :
In the equation above k b and T are the Boltzmann constant and the absolute temperature, and m s and b s are the sense mode effective mass and damping coefficient respectively. For the design values m s = 3.9·10 −9 kg, f s = 18.95 kHz and b s = 1.5·10 −7 kg/s, the predicted rate noise density caused by thermo-mechanical effects turns out to be 750 μdps/ √ Hz. The value of the damping coefficient, here given for a nominal pressure of 1 mbar, is dominated by squeeze-film effect generated by the springs folds and by quadrature nulling electrodes designed within the sense frame (see again Fig. 4b ).
D. Y-Axis Device Design
The considerations drawn for Z-axis gyroscopes were extended to the design of in-plane gyroscopes. Fig. 5a and 5b are a schematic sketch and a SEM picture of the Y-axis device, showing the doubly decoupled architecture with the anchored drive frame, the Coriolis (or decoupling) frame, and the sense levered system. The overall area is (788×401) μm 2 . Fig. 5c and 5d report the drive and sense modes, nominally occurring at 18.43 kHz and 18.83 kHz respectively, the latter showing the out-of-plane rotation of the lever. This rotation causes differential stresses on the gauges, located at the basis of the MEMS part, as sketched in the inset given by Fig. 5e .
In particular, the use of a single lever system, positioned along one symmetry axis was obtained by placing the gauges along the torsional beams of an out-of-plane lever. Note that in this case, for a given rotation angle α of the Coriolis frame, the gauge displacement L g is determined a priori by the fact that the gauge is attached to the base of the micrometric structure and by the fact that the epitaxy height h is a process rather than a design parameter. Defining z as the vertical displacement of the lever tip, with a lever length L L , Eq. (2) and (4) becomes in this situation:
A short lever length L L apparently improves the sensitivity. Yet, it also increases the sense mode stiffness. As it should cope with the target frequency, in the end it trades off with the minimum allowed width of the other springs taking part to the sense mode (drive-Coriolis decoupling in Fig. 5c ). The value of (h/2L L ) is 2.3× lower than calculated for Z-axis devices.
A mode split value of 400 Hz and a drive motion amplitude of 6 μm are thus needed, for the used lever length (245 μm), to match the gain-factor of Z-axis devices. As an alternative, the device can be designed with the same mode-split and drive amplitude, and the lower lever factor can be compensated in operation, acting on the gauge bias current.
The rate noise density is affected by the 1.5 μm vertical distance between the proof mass and the quadrature compensation electrodes: a larger compensation area with respect to Z-axis devices was designed, as in-plane gyroscopes are usually more affected by skew-angle issues and associated quadrature [25] . As a consequence the predicted damping coefficient [2] , [26] is about 10 times larger than in Z-axis devices. According to Eq. (5), the rate noise density caused by thermo-mechanical noise turns out to be S ,tm = 1.7 mdps/ √ Hz. Table II summarizes the parameters of the designed devices.
III. ELECTROMECHANICAL CHARACTERIZATION
Before designing the drive oscillator and the sense interface, a characterization was performed to verify the effective electromechanical parameters against expected values. In particular, the eutectic bonding, still in a process optimization phase, required to check the values of the obtainable pressure and quality factors. These tests were done using a modified MCP-G from ITmems [27] , enabling both capacitive and piezoresistive readout of the MEMS modes. In the tested devices, quadrature electrodes were used as self-test for the sense mode actuation. Specimens were tested through a probe station, at wafer-level in a clean room environment.
To later identify the effective pressure in each die, reference measurements inside a vacuum probe station were first performed on 4 Z-axis devices of a bare wafer, giving average drive-mode Q values of 30790 at 0.1 mbar, 4080 at 1 mbar and 520 at 10 mbar. The mode was characterized using the ring-down response approach, as described e.g. in [19] . The measurement results confirm that at pressures in the order of 1 mbar, expected for the final packaging, the damping range is linear, which allows to easily estimate the effective pressure.
Similar measurements were then repeated on capped wafers after the eutectic bonding process. Fig. 6a summarizes the results obtained on 8 Z-axis samples (all from the central portion of the same wafer) in terms of drive and sense frequencies. The corresponding average mode-split is 800 Hz, slightly larger than predicted. Fig. 6b reports the corresponding drive mode quality factors. The average value is 1224, with a relatively large dispersion. Reasons of such spread are under investigation. The estimated average pressure of the packaged dies is therefore 3.3 mbar.
The wafer-level Q-factor yield and variability for 8 Y-axis devices was the same as for Z-axis devices, as the two gyroscope types are located in the same module. 15% lower values of the average drive-mode quality factor are however obtained for Y-axis gyroscopes. As these devices have a similar drive topology in terms of driven mass, stiffness, and comb fingers (see Table II ), the decrease in quality factor is ascribed to slide-film damping between the proof mass and vertical electrodes (which are not present in Z-axis devices). Average values of the mode split were found to be in the order of 1 kHz. This partial difference with respect to FEM predictions is under investigation for an improved design.
IV. ELECTRONIC ARCHITECTURE AND DESIGN
The driving and readout electronics is formed by 5 main building blocks: (i ) a primary oscillator built around the drive resonator, (ii) a secondary loop for drive motion amplitude control, (iii) a feed-through capacitance compensation circuit, (iv) a Wheatstone bridge sensing interface with further amplification, and (v) a lock-in based demodulation. The electronics is implemented using board-level circuits and is made compatible with mounting on the rate table used for the measurements of Section V.
The overall schematic of the circuits is presented in Fig. 7a .
A. Drive Circuit Oscillator
The first three blocks implement the drive circuit. The gyroscope proof mass is kept at the ground potential and is driven via the comb stators with an AC square wave of a few hundred mV rms superimposed to a DC voltage of 15 V. Drive-mode pick-off is performed via a second set of comb fingers. The output motional current i m is sensed through a low-noise transimpedance (TIA) stage, further amplified through two gain stages (G1 and G2) that make it saturate to the ±5 V supply. This saturation represents the nonlinearity that sets the loop-gain to 1 after the initial start-up phase, to satisfy the Barkhausen condition [28] . The feedback capacitances of the TIA and of the G1 stage are used to avoid the open-loop-gain pass unity at frequencies other than the resonance [29] .
The signal at the output of G2, now in the form of a square wave, is conditioned through a resistive voltage divider and a variable gain amplifier (VGA). The VGA output is summed to the DC voltage through the stage G3, whose output finally drives the MEMS.
To compensate for the observed variations in the quality factor and/or in the resonance frequency from part to part, a secondary loop (control loop) integrates the TIA output in order to recover a signal proportional to the motion amplitude. As an alternative, a charge amplifier could be directly used instead of the TIA as a front-end, but would lead to worse noise performance of the drive loop due to the current noise of the chosen operational amplifier. After integration, the signal is rectified, low-pass filtered, and compared to a reference voltage V re f . At any time, the error between the actual motion and the reference is processed by the proportional controller to drive the VGA, and in turn to adjust the AC voltage applied to the MEMS, in order to stabilize the motion amplitude. The operational amplifiers FTC1 and FTC2 are used to implement a compensation of the feedthrough capacitance. With the assumption that the feedthrough C f t is identical in all the devices of the same type, the compensation is based on an initial trimming of the voltage divider (R 1 , R 2 ), so that the compensation capacitance C c recalls a current equal and opposite to i f t generated by the feedthrough capacitance C f t . The implementation of this sub-circuit turns out to be helpful in case the obtained package pressure is higher than expected (as in this case), implying relatively low drive mode quality factors, and correspondingly high feed-through impact.
B. Sensing Interface
The board-level sensing interface is based on a Wheatstone bridge: the gauges, attached to the proof mass on one side, share a common contact kept to ground.
The other contact is connected to external resistors, trimmed to the measured gauge value (∼ 2 k ) to complete the bridge.
As the NEMS gauges vary in opposite direction in presence of angular rates, the bridge output changes accordingly. An instrumentation amplifier (INA) with a 50x gain reads the bridge output, which is then adapted to the input dynamic of a lock-in amplifier by a non-inverting, selectable-gain stage GS.
The demodulated output of the lock-in amplifier (SRS830 from Stanford Research System) is digitized through a Measurement Computing MCC-1608GX acquisition board.
One contribution to the electronic noise generated in the sense chain is due to the Johnson noise S R of the bridge resistors, whose power spectral density sums up in the difference implemented by the INA. The input-referred noise, reported as angular rate white noise density, turns out to be:
For a 2 k value of the resistors, and a bridge biasing voltage of 1.8 V (as discussed later, this voltage can be duty-cycled to save power consumption), the input-referred noise turns out to be 491 μdps/ √ Hz for the gain-factor of 0.026 /(dps) derived in Section II.C and II.D.
A second contribution is given by the INA input-referred noise S ,I N A , which can be calculated from its voltage noise density S V ,I N A as:
With the value of the used amplifier (8 nV/ √ Hz, INA129 from Texas Instruments) and the same biasing voltage and gain-factor as above, the predicted contribution turns out to be about 950 μdps/ √ Hz. The overall electronic noise value is comparable (Z-axis) or lower (Y-axis) than the thermo-mechanical noise limits, confirming the high potential of NEMS gauge sensing.
The samples to be tested were mounted on ceramic carriers, placed inside a plastic socket soldered to the board. The board was accurately mounted on an Acutronic rate table for Z-axis and Y-axis angular rate testing (Fig. 7b to 7d ). Measurements were controlled and automated through a Labview interface that allows to implement sensitivity, bandwidth and noise measurements. Quadrature can be compensated according to the Tatar scheme [30] , but for the first measurements shown in this work devices with natively low quadrature were selected.
V. EXPERIMENTAL RESULTS

A. Sensitivity and Linearity
As mentioned in Section III, some devices used for the tests have a mode split which differs from the design values. The tested Z-axis device has the correct f ∼ 600 Hz, but the tested Y-axis device has a f ∼ 1080 Hz. The devices are tested with the same nominal drive mode amplitude x = 4 μm.
The phase reference for demodulation is set by the saturated output of the primary loop in Fig. 7 . The zero-rate offset, all appearing in the quadrature channel, is of 24 dps and 16 dps respectively. The absence of any noticeable offsets in the Coriolis channel is ascribed (i ) to low impact of comb-drive defects (see [23] ) and (ii) to the fact the resistive readout is quite immune from possible capacitive couplings of any signals occurring in phase with the Coriolis signal.
Using the formulas of Eq. (4) and (7), and coupling them to the electronic gains of the INA, GS and lock-in stages (G I N A = 50, G G S = 2 and G L I = 10/ √ 2), the predicted system sensitivity, normalized to the bridge voltage V br ,
turns out to be 4.6 mV/V/dps for the Z-axis device and 1.13 mV/V/dps for the Y-axis. The measured sensitivities turn out to be quite in agreement with the predictions. For the Z-axis device, Fig. 8a reports the output voltage as a function of the Z-axis input rate up to 1000 dps, at 340 mV bridge biasing voltage. The best fitting curve indicates 5.47 mV/V/dps. The difference (17% larger) from the theoretical value may be ascribed to a different value of the lever factor and/or of the NEMS gauge cross-section. Fig. 8b reports the output voltage of the Y-axis device under Y-axis angular rates. Due to the large mode split, the bridge biasing voltage to match the same sensitivity as the Z-axis device turns out to be 1.8 V, resulting in a best fitting curve of 1.01 mV/V/dps, to be compared to a theoretical prediction of 1.13 mV/V/dps. Fig. 9 shows the derived linearity error (% of the full-scale) showing unprecedented values within 5 ppm for both the devices. To explain this result, consider that the relative linearity error for NEMS gauge readout was characterized in a previous work [31] to be within few %, even in single-ended configuration, for stresses as large as 2 GPa. Considering the sensitivity in terms of stress (41.6 kPa/dps) derived from Eq. (4), the maximum loading value (at 1000 dps rate) turns out to be 41.6 MPa, which is almost two orders of magnitude lower than the mentioned nonlinearity limit.
Measured cross-axis rejections are larger than 55 dB. The measured bandwidth (300 Hz) is limited by the rate table mechanical response. 
B. Noise Measurements
To verify the predicted noise performance, Allan variance measurements were taken in uncontrolled laboratory environment, in different conditions of bridge biasing. The results are summarized by Fig. 10 .
The Z-axis device was first tested with a bridge voltage of 340 mV (corresponding to the sensitivity shown in Fig. 8a ). Eight Allan variance curves, lasting up to 60 minutes each, were obtained in three different measurement sessions, with a good repeatability in terms of measured angle random walk (ARW = 4.2 mdps/ √ Hz, dashed curves). Effects of bias stability begin to be visible at values around 1-4 dph, and 100-360 s (corresponding to the full acquisition time with ten-point average in the Allan formula). In the operating conditions, the overall ARW predicted by the noise formulas (5), (8) , and (9), accounting for the effectively measured sensitivity, is 4.1 mdps/ √ Hz, quite close to the measured data.
A 3-fold increase in the bridge voltage determines a reduction in the white noise, but not by the same factor, indicating that the dominant noise contribution begins to be thermo-mechanical. The measured ARW value of 2 mdps/ √ Hz (see the three measurements obtained in this situation, reported in Fig. 10, circle markers) is in very good agreement with the predicted value of 1.8 mdps/ √ Hz. Some instability is visible at rate values of 1.1 dph. Such a resolution satisfies even gyro-compassing application requirements [32] , the earth rotation rate being 15 dph.
The Y-axis device was first tested in the conditions of Fig. 8b (V br = 1.8 V) . Three measurements and their average are reported in Fig. 10 . The obtained ARW level is in the order of 10 mdps/ √ Hz, compared to a predicted value of 6.3 mdps/ √ Hz. The measured bias stability is about 20 dph at 20 s observation interval.
Increasing the bridge voltage leads to a reduction in the ARW, roughly by the same factor, down to 8.2 mdps/ √ Hz. The excess electronic noise is somewhat surprising as the used board is the same as for Z-axis devices. Vertical mounting of the board with long cables for Y-axis test (Fig. 7d) may induce a disturbance coupling, which is still under investigation.
VI. CONCLUSIONS
The work presented novel structures of in-plane and out-of-plane gyroscopes based on piezoresistive NEMS readout. Though some differences were encountered with respect to FEM modes predictions, in particular for in-plane devices, the obtained results demonstrate ultra-high linearity at low white noise levels within large full-scale ranges. The area taken up by a 3-axis gyroscope of this type is lower than (1.2 mm) 2 .
For low-power applications, the current dissipated in the gauges may be reduced by adopting a modulated bridge voltage. Similar approaches are already exploited in other miniaturized sensors based on Wheatstone bridges, like anisotropic magneto-resistance (AMR) devices [33] , [34] .
Further characterization activities are dedicated (i ) to reliability tests, and (ii) to noise and sensitivity analyses under environmental changes and vibrations.
In particular, concerning point (i ) above, the mechanical properties of the NEMS layer were characterized thoroughly in [33] . From there estimated nominal strengths of about 6 GPa, and according to FEM results shown in Table 1 to analyze effects of large accelerations, one finds a failure stationary acceleration value along the y-axis of 0.2 Mg (gravity units). This value largely exceeds typical industrial reliability shock tests of 10 4 g for consumer applications [12] - [15] . Further: such large accelerations typically occur as impulsive shocks, with sub-ms duration. So taking into account the quasi-stationary values of Table 1 is a conservative approach. Besides, much before the MEMS sense mass undergoes the full displacement induced by such shocks, and so much before all the stress is delivered to the NEMS gauge, the suspended MEMS part will be blocked by suitably designed mechanical stoppers absorbing the shock, like in common capacitive devices. A complete reliability characterization campaign under shocks and drop-tests is however still to be done.
Finally, concerning point (ii) above, since this is a resistive readout, particular care will be given to characterization of offset and sensitivity under temperature changes. Linear compensation schemes may be considered, as this is the approach already followed for other sensors relying on resistive bridges, e.g. AMR magnetometers. With respect to such devices however, gyroscopes operate as modulated sensors at 20 kHz: therefore temperature changes affecting the bridge DC output should be bypassed by the demodulation, and therefore offset drifts should be inherently cancelled (indeed the good results shown in Fig. 10 exploited no temperature compensation scheme). To accurately test effects of temperature changes on gyroscope sensitivity, a mini climatic chamber, compatible with the rate-table setup shown in Fig. 7b , is under development.
